Density-functional theory methods were used to investigate the structure of dimeric aluminum ͑III͒ water complexes as a function of bridging group. The possibilities of oxygen, water, and hydroxyl bridge ligands and a variety of structural arrangements, such as cis/trans, with respect to the relative position of hydroxyl ligands, were considered. Within the limit of our computational level, we found that electrostatic repulsion between hydroxyls is important in deciding the polyaluminum structure. Although the structures of aluminum-hexaaquo predominate, species with small number of charges or a large number of hydroxyl ligands have a tendency toward a five-coordinate trigonal bipyramidal configuration. Because water is electronically neutral, it cannot provide enough negative charges as a bridge ligand to stabilize two Al͑III͒ molecules. The energy differences among many configurational isomers of hydroxyl Al are so small that they may coexist and convert into each other easily at room temperature.
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I. INTRODUCTION
The aluminum͑III͒-water complex plays an important role in environmental chemistry. 1 It has many industrial applications that range from pharmaceutical design to the purification of water, and it can easily penetrate plants and cause Al͑III͒ toxicity in both of them and in humans. 2, 3 However, the structure and configuration of polyaluminum has confused scholars for more than 100 years and has greatly hindered the progress of Al environmental chemistry and the industrial application of polyaluminum. 1 One of the intriguing problems about polyaluminum is the stability of candidate bridge ligands-including hydroxyl, oxygen, and water-and their configurationally isomerism. Although the results of previous experiments have indicated that the sixcoordinate structure of hydroxyl aluminum should predominate, 4, 5 it is hard to demonstrate in the experimental setting whether the first hydration sphere should be octahedral, trigonal bipyramidal, or square pyramidal. 6 However, the study of hydrated gas-phase metal ions can provide a link between the intrinsic chemistry of the isolated ion and its chemistry in solution by the aid of cluster calculations. 7, 8 Density functional theory calculation and ab initio molecular dynamics simulation have provided a theoretical perspective in understanding bridge structures in the Al͑III͒-water complex. So far, extensive theoretical studies have concentrated on the behavior of monomeric Al͑III͒, especially the simplest species Al(H 2 O) 6 3ϩ . [9] [10] [11] [12] [13] [14] They can provide important but limited information on bridge groups and the configuration of polynuclear Al. In this present paper, all possible configurations of monomeric Al and bridge structures in dimeric Al-water complexes with different charges were considered. Within the limit of our computational level, we found that electrostatic repulsion between hydroxyls is important in the decision of polyaluminum structure. Although the structures of aluminum-hexaaquo predominate, species with small number of charges or large number of hydroxyl ligands have a tendency toward a five-coordinate trigonal bipyramids configuration. The electronically neutral water cannot provide enough negative charges as a bridge ligand to stabilize two Al͑III͒. The energy differences among many configurational isomers of hydroxyl Al are so small that they may coexist and convert into each other easily at room temperature.
II. COMPUTATIONAL DETAILS
The model complexes that were used in the present study include
and ͓Al 2 (OH) 6 (H 2 O) 4 ͔. All possible configurations, with their corresponding hydroxyl, water, and oxygen bridge ligands, were calculated for comparison. Optimizations and frequency calculations were performed using the GAUSSIAN 98 program 15 with density functional theory ͑DFT͒ at the B3LYP/6-31G ϩ(d,p) level. 16, 17 Where possible, single point calculations using second-order Møller-Plesset ͑MP2͒ perturbation theory at the MP2/6-31G ϩ(d,p) basis set were calculated for the purpose of comparison. 18 A Berny algorithm using redundant internal coordinates was used in the geometry optimization. 19 Atomic charges were calculated from natural population analyses ͑NPA͒, and wave functions a͒ Author to whom correspondence should be addressed. Permanent address: State Key Laboratory of Coordination Chemistry, Institute of Coordination Chemistry, Nanjing University, Nanjing 210093, People's Republic of China. Fax: 86-25-83317761. Electronic mail: bisp@nju.edu.cn were analyzed using natural bond orbitals. 20, 21 The stability of all optimized species are confirmed by positive eigenvalues yielded in frequency calculations. The atomic charge of the ligating oxygen is larger in hydroxyl than it is in water ͑see Fig. 2͒ , which may result in a stronger coordination interaction and affect their bridging properties during Al͑III͒ polymerization. The optimized geometrical parameters and the total molecular energies for the selected model complex of the six monomeric Al͑III͒ species are listed in Table I , and their optimized structures are shown in Fig. 3 . The bond length of AluOH in ͓Al(H 2 O) 6 ͔ 3ϩ is the same as Bock has reported at the same computational level. 6 The results of Hessian calculations yielded all positive eigenvalues at the optimized geometry and confirmed that their structures are minima. The harmonic frequencies of cis/trans ͓Al(H 2 O) 4 (OH) 2 ͔ ϩ are shown in Table II . The structure of monomeric hydroxyl Al͑III͒ complexes is strongly related to the number of its hydroxyl ligands. The octahedral structure of monomeric Al͑III͒ is stable with no more than two hydroxyl ligands. A large number of coordinating hydroxyls, such as in ͓Al(H 2 O) 3 (OH) 3 ͔ 0 , distorts the geometry from its initial octahedron, with one water ligand leaving the first hydration sphere, followed by the monomer converting into a five-coordinate trigonal bipyramidal structure during the geometry optimization. This reduces the remarkable electrostatic repulsion between the hydroxyl ligands ͓see Fig. 3͑a͔͒ . This result is a little different from those obtained at the HF/3-21G level. However, if one takes into consideration the second hydration sphere, such as in the molecular cluster ͓Al(OH) 3 ͔•9H 2 O, the trigonal bipyramidal structure is produced during the optimization process at the same theoretical level, with a very short bond length. 
III. RESULTS AND DISCUSSION

The oxygen bridge
Oxygen bridged Al͑III͒ dimers are proposed to exist in molten glass and in some extreme conditions such as in very basic solutions and at high temperatures. 23 To clarify the properties of the oxygen bridge group, both Al͑III͒ atoms in each initial model dimer are octahedrally coordinated, and one of the two bridge ligands is simply an O 2Ϫ , while the other remains an OH Ϫ ion. The calculated atomic charges of bridging oxygen ions in every cluster is listed in Table III and shown in Fig. 4 . The initial and optimized geometries of the three complexes are shown in Fig. 5 . Because the bridging oxygen has a high atomic charge of more than 1.4 e, it is inclined to attract a proton through a hydrogen bond from one of the water molecules in the hydration sphere, while one of the water ligands is pushed out from the first hydration sphere of Al͑III͒ during the structure optimization because of the strong electrostatic repulsion caused by the oxygen bridge group. Similar to the optimized monomeric Al͑III͒ cluster ͓Al(H 2 O) 3 (OH) 3 ͔ 0 , which has a high hydroxyl coordination number ͓see Fig. 3͑a͔͒ , Al͑III͒ clusters with an oxygen bridge ligand also appear to have trigonal bipyramidal geometry in all three dimeric complexes. This demonstrates that at a point when the electrostatic repulsive forces between its ligands become larger, the Al͑III͒ water complex will prefer the trigonal bipyramidal geometry to an octahedral structure, to minimize this repulsive effect and stabilize itself. 
The water bridge
For comparison we have examined four dimeric model complexes that are bridged by water, a water and hydroxyl unit. These include ͓-
3ϩ ͑in the initial structure of this model complex, the three hydroxyl 7 ͔ 4ϩ . In the dimers with a single bridging water, optimization revealed that they are not able to maintain their initial configuration and the broken water bridge becomes a ligand of the octahedral Al͑III͒ ion. The low atomic charge of the oxygen in the ridging water indicates that it cannot provide enough negative charge to stabilize two Al͑III͒. The optimized ͓Al 2 (H 2 O)(OH) 6 (H 2 O) 3 ͔ 0 complex ͓see Fig. 6͑a͔͒ has a highly asymmetric configuration, with one Al tetrahedrally coordinated by four hydroxyls and the other remaining octahedrally coordinated. Meanwhile, we demonstrated again the formation of trigonal bipyramidal geometry for Al͑III͒ with high hydroxyl coordination number in coplanar-͓- Fig. 6͑c͔͒ , and Fig. 6͑d͔͒ .
͓-O•-OH•Al
2 (OH) 3 (H 2 O) 5 ͔ 0 ͓-O• -OH•Al 2 (OH) 2 (H 2 O) 6 ͔ ϩ ͓-O•-OH•H 2 O •-OH•Al 2 (OH) 2 (H 2 O) 6 ͔ 3ϩ ͓see Fig. 6͑b͔͒, perpendicular- ͓-H 2 O•-OH•Al 2 (OH) 2 (H 2 O) 6 ͔ 3ϩ ͓see͓-H 2 O•-OH•Al 2 (OH)(H 2 O) 7 ͔ 4ϩ ͓see
Double hydroxyl bridges
Previous studies have shown that the hydroxyl is the most important bridging ligand for polyaluminum. The lowest energy dimeric Al͑III͒ water complexes, with charges of 0, 1, 2, 3, and 4, are shown in Fig. 7 . The hydroxyl ligand is shown to be a very stable bridging ligand, because of its low electron density compared with the oxygen ion and its suitable coordinate ability compared with the electronically neutral water ͑see Figs. 4 and 6͒. The trigonal bipyramidal geometry of five-coordinate Al͑III͒ is again obtained in the optimized ͑Al2-4w-0c-5 and Al2-5w-1c-5͒ structures, which have high hydroxyl coordination numbers ͓see Figs. 7͑a͒ and  7͑b͔͒ .
To compare the stability of all possible isomers with two OH Ϫ bridges, we considered the different arrangements of hydroxyl ligands with respect to the relative position of one another. The selected isomers were optimized at the B3LYP/6-31G ϩ(d,p) level. Their calculated energies are listed in the Table IV Table V . From the optimized results shown in Table IV and Fig. 7 , it is observed that those complexes with more hydrogen bonds are generally more stable ͑see Fig. 7͒ . Moreover, those complexes whose negative hydroxyl ligands are in close proximity are generally more unstable from an energy perspective. This allows us to infer that the hydrogen bond is preferred in the stable isomers and that the electrostatic repulsive forces between hydroxyls are important in the formation of the polyaluminum structure. Our results also support Hem's experimental conclusion that polyaluminum shares only one doubly bridged OH group in a given plane. 24 Because the energy differences are less than 20 kJ mol Ϫ1 , these configurational isomers could coexist at room temperature ͑see Fig. 8͒ .
We have also calculated the optimized geometries of OH-bridged polyaluminum isomers with negative charge. However, none of these maintained an octahedral structure. Some of them dissociated and divided into two separate Al anions during the geometry optimization.
C. Comparison of DFT and MP2
For the purpose of comparison, we performed several single-point MP2 calculations. To address this problem more clearly, only those structures with many hydrogen bonding were selected. In Table VI and Fig. 9 , we show that the DFT Fig. 7 at the B3LYP/6-31G ϩ(d,p) level of theory.
and the MP2 methods produce quite similar results. Therefore, B3LYP should be a suitable method for this problem.
IV. CONCLUSION
Although it has been demonstrated that density Functional Theory can produce good results for the simulation of metal ions in water using cluster calculation, 7, 8 it is better to apply continuum models of solvation at MP2 level, which can calculate the proton transfer phenomena better, in order to simulate the behavior of polyaluminum. However, it is unrealistic to apply such a high theoretical level at present time. Within the limit of our computational level, we have achieved the following findings:
͑1͒ Although the octahedral structures of hydroxyl aluminum predominate, the species with a smaller amount of charge or a large number of hydroxyl ligands has a tendency toward a five-coordinate trigonal bipyramid configuration.
͑2͒ The electronically neutral water cannot provide enough negative charges to serve as a bridging ligand to stabilize two Al͑III͒ ions.
͑3͒ Even though so many configurational isomers of hydroxyl Al exist, their energy differences are limited, such that they may coexist and convert into each other easily at room temperature.
A figure for the optimized geometry of other dimeric aluminum water complexes can be found in EPAPS. 25 
